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remains unknown.

and/or IL-10, leading to an enhancement in CD163.

Significance: AGP is a novel regulator of CD163.
\_

(Background: Despite the importance of CD163 as a hemoglobin scavenger receptor, precisely how CD163 is regulated
Results: o;-Acid glycoprotein (AGP) activates the toll-like receptor-4/CD14-dependent autocrine regulatory loops of IL-6

Conclusion: AGP protects against hemoglobin-induced oxidative stress via the up-regulation of CD163 during hemolysis.
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CD163, a scavenger receptor that is expressed at high levels in
the monocyte-macrophage system, is a critical factor for the effi-
cient extracellular hemoglobin (Hb) clearance during hemoly-
sis. Because of the enormous detrimental effect of liberated Hb
on our body by its ability to induce pro-inflammatory signals
and tissue damage, an understanding of the molecular mecha-
nisms associated with CD163 expression during the acute phase
response is a central issue. We report here that a;-acid glyco-
protein (AGP), an acute phase protein, the serum concentration
of which is elevated under various inflammatory conditions,
including hemolysis, up-regulates CD163 expression in both
macrophage-like differentiated THP-1 (dTHP-1) cells and
peripheral blood mononuclear cells in a time- and concentra-
tion-dependent manner. Moreover, the subsequent induction of
Hb uptake was also observed in AGP-treated dTHP-1 cells.
Among representative acute phase proteins such as AGP, a;-an-
titrypsin, C-reactive protein, and haptoglobin, only AGP
increased CD163 expression, suggesting that AGP plays a spe-
cific role in the regulation of CD163. Consistently, the physio-
logical concentrations of AGP induced CD163, and the subse-
quent induction of Hb uptake as well as the reduction of
oxidative stress in plasma were observed in phenylhydrazine-
induced hemolytic model mice, confirming the in vivo role of
AGP. Finally, AGP signaling through the toll-like receptor-4
(TLR4) and CD14, the common innate immune receptor com-
plex that normally recognizes bacterial components, was iden-
tified as a crucial stimulus that induces the autocrine regulatory
loops of IL-6 and/or IL-10 via NF-kB, p38, and JNK pathways,
which leads to an enhancement in CD163 expression. These
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findings provide possible insights into how AGP exerts anti-
inflammatory properties against hemolysis-induced oxidative
stress.

The release of hemoglobin (Hb) is a physiological phenome-
non associated with intravascular and intraplaque hemolysis.
The liberated Hb has potent pro-inflammatory properties and,
under appropriate conditions, can cause tissue damage and the
oxidation of low density lipoproteins (1-3), because free radi-
cals and altered Hb products are generated during the reaction
between Hb-heme and physiological oxidants such as H,O, (4).
Therefore, the body has developed a system that efficiently
scavenges Hb liberated from erythrocytes. Haptoglobin (Hp),?
an acute phase plasma protein, provides the first line of defense
against the effects of liberated Hb (5). When Hb binds to Hp, Hb
remains sequestered within the intravascular compartment,
thus attenuating Hb-mediated vasoactivity, oxidative toxicity,
and tissue peroxidation (6, 7). Upon complex formation, Hp
transforms the Hb af-dimer into a high affinity ligand that
interacts with the Hb scavenger receptor CD163, which then
clears the Hb-Hp complex from the circulation (8). In addition,
after the depletion of plasma Hp or a massive Hb release after
erythrocyte extravasation as the result of a tissue injury, Hp-
independent, low affinity Hb binding to CD163 can be observed
(9). Thus, because CD163 plays a critical role in protecting
against Hb-induced tissue damage during hemolysis, it is
important to understand the factors that are responsible for
regulating CD163.

CD163 is exclusively expressed on circulating monocytes
and tissue macrophages (10). In addition, particularly high lev-
els of CD163 have been detected in infiltrating monocytes dur-

2The abbreviations used are: Hp, haptoglobin; AGP, a,-acid glycoprotein;
PBMC, and peripheral blood mononuclear cell; TBARS, thiobarbituric acid-
reactive substance; AAT, a,-antitrypsin; CRP, C-reactive protein.
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ing the resolution phase of inflammatory reactions (11). The
expression of CD163 is regulated by several factors. For exam-
ple, anti-inflammatory mediators such as glucocorticoids and
IL-10 are particularly potent inducers (12—-14). However, this is
not a common feature of all anti-inflammatory cytokines
because IL-4 and IL-13 do not cause an increase in CD163
expression (15, 16). In contrast, pro-inflammatory cytokines
(TNF-a and IFN-v) and the chemokine CXCL4 suppress
CD163 expression (12, 16, 17). Furthermore, the pleiotropic
cytokines IL-6 and TGF- 3, which are both known to exert pro-
and anti-inflammatory effects, enhance and suppress the cellu-
lar surface expression of CD163, respectively (16, 18). To date,
little is known about an endogenous molecule that regulates
these cytokines, thus increasing CD163 expression.

a,-Acid glycoprotein (AGP), also referred to a orosomucoid,
is an acute phase protein with a molecular mass of 41-43 kDa
and is heavily glycosylated (45%) (19). It is biosynthesized by
hepatocytes but is also produced by extrahepatic sites such as
leukocytes and endothelial cells during an acute phase
response, due to the systemic response to a local inflammatory
stimulus (20). As a result, the serum concentration of AGP in
normal conditions (0.5 mg/ml) is increased by 2—5-fold during
an acute phase situation. In the case of hemolysis, it has also
been reported that the plasma concentration of AGP is remark-
ably elevated, as is that of Hp in phenylhydrazine-induced
hemolytic mice (21). However, unlike Hp, the physiological
function of AGP during hemolysis is not well understood. It is
generally thought that AGP possesses anti-inflammatory and
immunomodulatory properties (22-25). These experimental
findings led us to hypothesize that the local production of AGP
at the site of the initial acute phase reaction contributes to the
maintenance of homeostasis by reducing the tissue damage
associated with an inflammatory process, including hemolysis.
However, the molecular mechanism of this process remains
poorly understood, largely because the molecular targets that
exert these biological functions are unknown.

In this study, to explore the biological function of AGP dur-
ing hemolysis, the focus was on whether AGP influences the
expression of CD163 and exerts a protective role against hemo-
lysis-induced oxidative stress. The effects of AGP on CD163
expression and its mechanism were examined using human
monocytic THP-1 cells, human peripheral blood mononuclear
cells, and differentiated macrophages like THP-1 (dTHP-1)
cells. Furthermore, the suppressive role of AGP on the intravas-
cular oxidative stress via CD163 up-regulation was confirmed
using phenylhydrazine-induced hemolytic model mice.

EXPERIMENTAL PROCEDURES

Materials and Animals—Human AGP, human o -antitryp-
sin (AAT), human C-reactive protein (CRP), human Hp,
human Hb, phorbol 12-myristate 13-acetate, RPMI 1640
medium, lipopolysaccharide, cycloheximide, polymyxin B,
B-actin antibody, and fetal bovine serum were purchased from
Sigma. Anti-human CD163 antibody (EDHu-1) and anti-hu-
man TLR4 antibody (HTA125) were purchased from AbD
Serotec (Oxford, UK). The anti-human CD14, anti-human
IL-10Re, anti-human IL-6R antibodies, and isotype control IgG
were purchased from R&D Systems, Inc (Minneapolis, MN).
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The anti-phospho-IkBe, anti-IkBa, anti-phospho-p38, anti-
p38, anti-phospho-JNK, anti-JNK, anti-phospho-ERK1/2, and
anti-ERK1/2 antibodies were purchased from Cell Signaling
Technology, Inc. (Danvers, MA). HRP-goat anti-mouse IgG
(H+L) and HRP-goat anti-rabbit IgG (H+L) were purchased
from Invitrogen. The animals were maintained under conven-
tional housing conditions. All animal experiments were carried
out in accordance with the guideline principles and procedures
of Kumamoto University for the care and use of laboratory
animals.

Cell Cultures—The human monocytic cell line THP-1 and
peripheral blood mononuclear cells (PBMC) were cultured in
RPMI 1640 medium containing 10% heat-inactivated fetal
bovine serum, 100 units of penicillin/ml, and 100 g of strep-
tomycin/ml. Human embryonic kidney (HEK) 293 cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Wako) supplemented with 10% FBS and antibiotics. Cells were
maintained in a humidified atmosphere of 5% CO, in air at
37 °C. To obtain macrophage-like differentiated THP-1 cells
(dTHP-1), THP-1 cells were exposed to 50 nm phorbol 12-my-
ristate 13-acetate in the culture medium for 48 h. After the
incubation, the phorbol 12-myristate 13-acetate-containing
medium was aspirated, and adherent (differentiated) cells were
resuspended in fresh culture medium and incubated for an
additional 24 h. PBMC were obtained from healthy volunteer
donors. Informed written consent was obtained from all
donors. PBMC were isolated from heparinized venous blood by
following the recommended protocols using Ficoll-Paque™"
PLUS (GE Healthcare). Briefly, the whole blood was mixed with
0.9% sodium chloride containing 3% dextran 500 (Sigma) and
incubated at room temperature for 30 min to sediment the
erythrocytes. After dextran sedimentation, the supernatant was
centrifuged at 1,800 rpm for 10 min, and cells were then resus-
pend in 0.9% sodium chloride, underlaid with Ficoll-Paque™
PLUS, and centrifuged at 2,800 rpm for 30 min. PBMC recov-
ered from the buffy coat were washed twice in 0.9% sodium
chloride and then resuspended in RPMI 1640 medium.

Quantitative Real Time RT-PCR—Total RNA from the cells
was isolated using RNAiso PLUS (TaKaRa Bio Inc., Shiga,
Japan) according to the recommended protocol. The synthesis
of cDNA was performed using PrimeScript® RT master mix
(Perfect Real Time) (TaKaRa Bio Inc.). Quantitative real time
RT-PCR analysis of CD163, IL-6, IL-10, IFN-vy, TNF-«, heme
oxygenase-1, and 18 S ribosomal RNA (18 S rRNA) was per-
formed in an iCycler thermal cycler (Bio-Rad) with an iQ5 qRT-
PCR detection system attached (Bio-Rad) using SYBR® Premix
Ex Taq™ (Perfect Real Time) (TaKaRa Bio Inc.). PCR amplifi-
cations were performed under the following conditions: 95 °C
for 3 min, for 40 cycles at 95 °C for 10 s (denaturation step), at
60 °C for 1 min (annealing/extension steps). The primers used
are shown in supplemental Table 1. The threshold cycle (C,)
values for each gene amplification were then normalized by
subtracting the C,value calculated for 18 S rRNA. The normal-
ized gene expression values were expressed as the relative quan-
tity of gene-specific mRNA compared with 18 S rRNA (fold
induction).

Western Blotting—Confluent (90-100%) cells grown on
60-mm dishes were washed twice with ice-cold PBS, lysed at
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4.°C in RIPA buffer (150 mm NaCl, 1% Nonidet P-40, 0.15%
sodium deoxycholate, 0.1% SDS, 50 mm Tris (pH 8.0), and a 1%
protease inhibitor mixture (Nakalai Tesque, Kyoto, Japan)), and
centrifuged at 12,000 X g for 10 min at 4 °C. Cell lysates were
subjected to SDS-PAGE on 10% polyacrylamide gel. Proteins
were electroblotted to a PVDF membrane (Millipore Corp.,
Bedford, MA). After blocking in 5% skim milk, the membranes
were washed three times and treated with the primary antibody
for 2 h. After washing three times, the membrane was incubated
with a HRP-conjugated secondary antibody for 2 h. Bands were
detected using the SuperSignal West Pico Chemiluminescent
Substrate (Pierce) or ECL Advance (GE Healthcare), according
to the manufacturer’s description.

ELISA— After treating the cells with AGP or LPS for 24 h, the
culture medium was centrifuged at 1,000 X g for 5 min. Super-
natants were collected and analyzed using an ELISA kit for
TNEF-q, IL-6, and IL-10 (BioLegend, San Diego) following the
manufacturer’s recommended protocol.

Flow Cytometry—Hb was labeled with fluorescein isothio-
cyanate (FITC). Hb and FITC were dissolved in 0.1 M NaHCO,
(pH 9.5), followed by mixing for 2 h at room temperature. The
solution was desalted by means of a PD-10 desalting column
(GE Healthcare). FITC-labeled Hb (FITC-Hb) were pretreated
with Hp for 10 min, followed by adding dTHP-1. After incubat-
ing at 37 °C for 30 min, dTHP-1 cells were washed twice with
ice-cold PBS, and detached by treatment with 0.25% trypsin/
EDTA. The resulting cells were analyzed by FACSCalibur (BD
Biosciences) using a 488 nm argon laser.

Animal Experiments—5- to 6-week-old ddY, C3H/HeN, and
C3H/HeJ Yok mice (Japan SLC, Shizuoka Japan) were intrave-
nously injected with saline or AGP (5 mg/200 wl saline/animal).
Hemolysis was induced by the intraperitoneal administration
(1 mg/10 g of body weight) of a fleshly prepared phenylhydra-
zine solution. For administration of anti-CD163 antibody
(Santa Cruz Biotechnology) to phenylhydrazine-induced
hemolytic mice, 40 pug/mouse anti-CD163 antibody was peri-
toneally administered into mice 1 h before phenylhydrazine
administration. As a negative control, isotype-matched control
IgG (Santa Cruz Biotechnology) was administered at the same
time point. Phenylhydrazine hydrochloride was dissolved in
PBS at a concentration of 10 mg/ml, and the pH was adjusted to
pH 7.4 with NaOH. For quantitative real time RT-PCR and
Western blotting, liver tissue was dissolved in RNAiso PLUS
and RIPA buffer, respectively. Blood was collected in heparin-
ized tubes using an SV Total RNA Isolation System (Promega).
For the TBARS assay and derivatives of reactive oxidative
metabolites, plasma from blood collected in heparinized capil-
lary tubes was assayed using a TBARS assay kit (Cayman Chem-
ical Co., Ann Arbor, MI) and FREE carpe diem (Diacron Inter-
national s. r. L., Grosseto, Italy) following the manufacturer’s
recommended protocols. All animal experiments were carried
out in accordance with the guideline principles and procedures
of Kumamoto University for the care and use of laboratory
animals.

Data Analyses—Data are shown as the means * S.D. for the
indicated number of samples. The overall differences between
groups were determined by one-way of analysis of variance.

30690 JOURNAL OF BIOLOGICAL CHEMISTRY

RESULTS

Up-regulation of CD163 by AGP—During hemolysis, the
concentration of acute phase proteins becomes elevated in
response to Hb-induced oxidative inflammation (21). To eval-
uate the effect of acute phase proteins on the expression of
CD163, dTHP-1 cells were treated with four types of represen-
tative acute phase proteins (AGP, CRP, AAT, and Hp) at the
concentration observed in normal or acute phase conditions,
respectively (Fig. 1A). Interestingly, the expression of CD163
mRNA was significantly up-regulated only by AGP, although
the other proteins had no effect on induction. The expression of
CD163 mRNA and protein was enhanced by AGP in a time- and
concentration-dependent manner (Fig. 1, B and C). In particu-
lar, it was increased from the normal serum concentration (0.5
mg/ml) and saturated at the acute phase concentration range
(1.0-2.0 mg/ml) (Fig. 1C). In the case of human PBMC, CD163
mRNA expression was also up-regulated in a time- and concen-
tration-dependent manner as well as dTHP-1 (Fig. 1, D and E).
Similar results were obtained for nondifferentiated THP-1
(supplemental Fig. 1). Moreover, when AGP was intravenously
injected into normal mice, the production of CD163 mRNA
was also induced in mice leukocytes after 48 h (Fig. 1F).

AGP Protects against Hemolysis-induced Oxidative Stress via
Enhancing CD163 Expression—As described above, heme
derived from liberated Hb in plasma has a potent oxidizing
effect that can induce considerable tissue damage. If AGP accel-
erates the uptake of Hb via the induction of CD163, it would be
possible to reduce hemolysis-induced oxidative stress. Thus, in
the next series of experiments, we evaluated the cytoprotective
effect conferred by AGP due to augmenting the uptake of Hb.
To characterize the uptake of Hb by dTHP-1 cells, we per-
formed a flow cytometric assay using FITC-labeled Hb. An ele-
vated Hb uptake was observed in AGP-treated cells (Fig. 24).
Moreover, we indirectly measured Hb uptake to evaluate the
transcriptional induction of heme oxygenase-1 (HO-1), which
is induced to metabolize heme following Hb uptake. As shown
in Fig. 2B, a significant induction of HO-1 was observed in
AGP-treated cells. These data indicate that AGP facilitates the
uptake of liberated Hb.

Furthermore, we investigated the issue of whether AGP has
the ability to suppress oxidative stress derived from liberated
Hb by causing an increase of CD163 expression using phenyl-
hydrazine-induced acute hemolytic model mice. To construct
the hemolysis model, phenylhydrazine was administered intra-
peritoneally to cause hemolysis at 48 h after AGP or a saline
administration. Based on blood parameters, such as hemato-
crit, hemoglobin, and red blood cell counts, and after another
24 h, the phenylhydrazine administration groups were judged
to be in a state of hemolysis (supplemental Table 2). Moreover,
the administration of AGP caused a further significant decrease
in these blood parameters in comparison with saline group
(supplemental Table 2). In these conditions, we estimated the
expression levels of CD163 and HO-1 in the liver. Both
CD163 and HO-1 were significantly induced in hemolytic
model mice that received the AGP treatment. We also eval-
uated oxidative stress in plasma of the hemolytic model mice
using a TBARS assay to estimate the extent of lipid peroxi-
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FIGURE 1. AGP enhances CD163 expression. A, dTHP-1 cells were treated with AGP, AAT, CRP, and Hp for 24 h at normal or acute phase concentrations. The level of
expression of CD163 was evaluated by quantitative RT-PCR. Results are the means = S.D. of three separate experiments. Statistically significant induction was
compared with not treated cells (**, p < 0.01) (None). B, dTHP-1 cells were treated with AGP (1.0 mg/ml) each time. C, dTHP-1 cells were treated for 24 h at each
concentration. The expression level of CD163 was evaluated by Western blotting (upper panel) and quantitative RT-PCR (lower panel). D, human PBMC were treated
with AGP (1.0 mg/ml) each time. E, human PBMC were treated for 24 h at each concentration. F, ddY mice were injected intravenously with saline or AGP (5 mg/100 ul
saline/body). After each of the indicated times, blood was collected from the inferior vena cava. The expression of CD163 in leukocytes was evaluated by quantitative
RT-PCR. Results are the means = S.D. of 4-5 separate experiments. Statistically significant induction was compared with AGP (**, p < 0.01; *, p < 0.05).

dation and a derivatives of reactive oxidative metabolites test  tive stress in the hemolysis-induced group (Fig. 2, E and F).
to assay hydroperoxide levels of reactive oxygen metabolites. To demonstrate the essential role of CD163 for AGP-in-
Each assay showed that AGP significantly decreased oxida- duced attenuation of oxidative stress, we administered an
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anti-CD163 antibody to phenylhydrazine-induced hemo-
lytic mice. 40 wg/mouse anti-CD163 antibody was peritone-
ally administered into mice 1 h before phenylhydrazine
administration. As a negative control, we used isotype-
matched control IgG. As a result, administration of anti-
CD163 antibody completely suppressed the attenuation of

A

B

plasma oxidative stress by AGP administration, whereas
administration of control IgG did not (Fig. 2G). Taken
together, these data indicate that AGP enhances the scav-
enging of liberated Hb from the blood circulation through
the up-regulation of CD163 and hence exerts a protective
role against hemolysis-derived oxidative stress.
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FIGURE 3. AGP up-regulates CD163 expression through the induction of IL-6 and IL-10. A, dTHP-1 cells were pretreated with or without cycloheximide (5
rg/ml) for 30 min and subsequently incubated for 24 h with AGP (1.0 mg/ml). Band C, dTHP-1 cells were treated with AGP (1.0 mg/ml) each time. D, dTHP-1 cells
were pretreated for 30 min with anti IL-6 receptor (0.5 ug/ml) antibody or anti IL-10 receptor antibody (0.5 wg/ml), and AGP (1.0 mg/ml) was subsequently
added, followed by incubation for 24 h. Eand F, human PBMC were incubated with AGP (1.0 mg/ml) each time. The level of expression of CD163 (A and D), IL-6
(Band E), and IL-10 (C and F) was evaluated by quantitative RT-PCR. Results are the means = S.D. of six separate experiments. Statistically significant reduction
was compared with AGP-treated cells (A) or isotype control IgG (D) (**, p < 0.01).

Enhancement of CD163 Expression through Induction of IL-6  indicating that CD163 is indirectly regulated by AGP (Fig. 3A).
and IL-10—Next, to verify whether the regulation of CD163 by  The levels of IL-6 and IL-10, which are well known as CD163
AGP is direct or indirect, a cycloheximide chase assay was car-  up-regulating factors, were both increased at 2 h after the AGP
ried out in dTHP-1 cells. By pretreatment with cycloheximide, treatment (Fig. 3, B and C). In addition, both the neutralizing
the expression of CD163 mRNA was remarkably inhibited, antibody of IL-6 or IL-10 receptors significantly inhibited the

FIGURE 2. AGP decreases intravascular oxidative stress by up-regulation of CD163. A, dTHP-1 cells were treated with AGP for 24 h and then incubated with
FITC-Hb (1 wg/ml) in the presence of equimolar Hp for 30 min. The uptake of FITC-Hb was assessed by a flow cytometer. The results are the means = S.D. of five
separate experiments (lower panel). Statistically significant induction was compared with Hb-Hp in the absence of AGP (¥, p < 0.05). A representative experi-
ment is shown (upper panel). Each histogram indicates untreated (gray filled), AGP (solid line), FITC-Hb-Hp (dotted line), and AGP + FITC-Hb-Hp (bold line),
respectively. B, dTHP-1 cells were treated with AGP for 24 h and incubated with Hb (1 wg/ml) in the presence of an equimolar amount of Hp for 4 h. The level
of expression of HO-1 mRNA was evaluated by quantitative RT-PCR. The results are the means = S.D. of six separate experiments. Statistically significant
induction was compared with Hb-Hp in the absence of AGP (¥, p < 0.05). C-F, ddY mice were injected intravenously with saline or AGP (5 mg/100 wl
saline/body) and subsequently administrated phenylhydrazine by intraperitoneal injection after 48 h. 24 h after phenylhydrazine administration, liver and
blood were collected. The expression of CD163 (C) and HO-1 (D) in liver was evaluated by quantitative RT-PCR and Western blotting, respectively. Oxidative
stress in plasma was measured by means of a TBARS assay (E) and a derivatives of reactive oxidative metabolites test (F). For administration of anti-CD163
antibody (Santa Cruz Biotechnology) to phenylhydrazine-induced hemolytic mice, 40 ng/mouse anti-CD163 antibody was intraperitoneally administered into
mice 1 h before phenylhydrazine administration. As a negative control, isotype matched control IgG (G). Results are the means * S.D. of 4-5 separate
experiments. Statistically significant reduction was compared with saline-administered hemolytic model mice (**, p < 0.01; *, p < 0.05).
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FIGURE 4. Interaction of AGP with CD14 causes TLR4 activation. dTHP-1 cells were pretreated with anti-CD14 (0.5 wg/ml) antibody (A-C) or anti-TLR4
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E),and CD163 (Cand F) were evaluated by quantitative RT-PCR. Results are the means = S.D. of six separate experiments. Statistically significant reduction was

compared with isotype control IgG (**, p < 0.01; *, p < 0.05).

AGP-induced up-regulation of CD163 (Fig. 3D). These data
indicate that AGP induces CD163 expression through the pro-
duction of IL-6 and IL-10. Similar results were obtained in
human PBMC and nondifferentiated THP-1 (Fig. 3, E and F,
and supplemental Fig. 1). IFN-+y, which is known to function as
a CD163 down-regulating factor, was not detected at any time
in AGP-treated cells (data not shown).

Up-regulation of CD163 upon Activation of Cell-surface Toll-
like Receptor—The expression of CD163 is tightly regulated by
pro- and anti-inflammatory mediators (16 —18). It is notewor-
thy that the activation of cell surface toll-like receptors, such as
TLR4 activation by LPS, has been reported to result in an
increase in the production of IL-6 and IL-10 followed by the
up-regulation of CD163 expression (26). Furthermore, it has
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been reported that AGP binds to soluble CD14 (27), which is
co-located on cellular membranes with TLR4 and MD2. Based
on these findings, we presume that AGP activates TLR4
through binding to CD14. To investigate the involvement of
CD14 in the regulation of CD163 by AGP, dTHP-1 cells were
pretreated with an anti-CD14 neutralizing antibody. As a
result, the induction of IL-6 and IL-10 by AGP was significantly
inhibited by the anti-CD14-neutralizing antibody (Fig. 4, A and
B). Moreover, similar inhibitions were also observed in CD163
expression (Fig. 4C). In addition, the expressions of IL-6, IL-10,
and CD163 were also significantly suppressed by the anti-
TLR4-neutralizing antibody (Fig. 4, D—F). We further exam-
ined the issue of whether TLR4 signaling is activated by AGP.
To accomplish this, we performed reporter assays using
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HEK?293 cells that overexpress TLR4. To evaluate whether AGP
stimulates TLR4 downstream signaling, we carried out an IL-8
promoter assay that was already established in HEK293 cells
that express TLR4. As reported previously, LPS, a typical TLR4
ligand, strongly activated TLR4 (supplemental Fig. 2). How-
ever, AGP weakly but significantly activated TLR4 at an acute
phase concentration (1.0 mg/ml). Taken together, these data
indicate that AGP enhances CD163 expression through the
CD14/TLR4 pathway. Moreover, we confirmed that co-treat-
ment of polymyxin B, which is an LPS-specific inhibitor, did not
have an effect on CD163 up-regulation by AGP (data not
shown).

Activation of TLR4 Signal Transduction by AGP—The next
series of experiments were designed to elucidate the molecular
mechanisms responsible for the signal transduction down-
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stream of TLR4. To clarify the effect of AGP on the activation of
endogenous signaling intermediates, such as JNK, p38, and
ERK1/2 phosphorylation, as well as IkB-a degradation, which
occurs during the TLR4 signaling pathway. After 2 h of incuba-
tion with AGP (1.0 mg/ml), IkB-a, JNK and p38 phosphoryla-
tion, as well as IkB-a degradation, were elicited in dTHP-1 cells,
whereas the phosphorylation of ERK1/2 was not detected (Fig.
5A). To clarify these data, the AGP-induced productions of IL-6
and IL-10 were also examined in the presence of signal inhibi-
tors. As shown in Fig. 5, B and C, the enhancement in IL-6 and
IL-10 production by AGP was significantly decreased by the
presence of inhibitors for the IkB-a, JNK, and p38 pathways,
respectively. Thus, these results show that AGP induces IL-6
and IL-10 via the IkB-c«, JNK, and p38 pathways through the
activation of TLR4. To confirm the involvement of TLR4 in the
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enhancement of CD163 expression by AGP, AGP was admin-
istered to wild type mice (C3H/HeN) or TLR4 mutant mice
(C3H/HeJ). The data showed that the up-regulation of CD163
in liver tissue was observed only in wild type mice (C3H/HeN)
but not in C3H/He]J mice (Fig. 5D). Although the administra-
tion of AGP significantly decreased the plasma oxidative stress
levels in C3H/HeN mice with hemolysis (Fig. 5E), it was not
decreased in the case of C3H/He] mice (Fig. 5F). These data
indicate that AGP decreased plasma oxidative stress through
the up-regulation of CD163 via the activation of TLR4.
Comparison of the Cytokine Production at the Downstream of
TLR4 between AGP and LPS—Because LPS-induced monocyte
activation via TLR4 is believed to be responsible for inflamma-
tory reactions, the possibility that AGP also exerts pro-inflam-
matory effects through the activation of TLR4 cannot be
excluded. However, it has been reported that AGP exhibits
anti-inflammatory effects. Such a discrepancy in TLR4 activa-
tion between AGP and LPS might be due to the difference in
potential cytokine-inducible ability. Thus, we compared the
production of TNF-q, IL-6, and IL-10 in the presence of AGP
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and LPS. As shown in Fig. 6, LPS strongly induced TNF-a and
IL-6 in a concentration-dependent manner (Fig. 6, A and B).
Although, unlike these cytokines, the production of IL-10 was
different and reached a plateau at a concentration of 1 ng/ml
(Fig. 6C). Conversely, AGP induced the production of TNF-a,
IL-6, and IL-10 in a concentration-dependent manner from
normal serum concentration (0.5 mg/ml) and reached a plateau
at an acute phase concentration (1.0 —2.0 mg/ml) (Fig. 6, D—F).
In addition, the levels of production of TNF-a and IL-6 are
quite low as compared with LPS. These data suggest that AGP
has the potential to have TLR4 agonistic activity, but its ability
is very weak compared with LPS.

Actually, when dTHP-1 were treated with either 100 pg/ml
or 1.0 ug/ml LPS, at 100 pg/ml LPS, phosphorylation and deg-
radation of IkB-a were slightly induced as was the treatment
with 1.0 mg/ml AGP, but 1.0 ug/ml LPS strongly induced phos-
phorylation and the degradation of IkB-« (Fig. 6G). If this con-
clusion is valid, CD163 would also be expected to be enhanced
by a weak activation of TLR4 induced by a low concentration of
LPS and likewise AGP. Thus, we treated dTHP-1 with either
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100 pg/ml or 1.0 pug/ml LPS. As expected, 100 pg/ml LPS
increased CD163 protein and mRNA but 1.0 ug/ml LPS did not
(Fig. 6H). These data imply that AGP up-regulates CD163
through a low level of cytokine production, which does not
cause inflammation.

DISCUSSION

AGP is an acute phase protein and is frequently used as a
marker of inflammation. It is generally thought that AGP plays
an important role during inflammatory responses. Despite the
accumulation of experimental evidence indicating that AGP
exerts the anti-inflammatory and immunomodulatory effects,
its molecular mechanism is poorly understood due to the fact
that the target molecule that is involved in the function of AGP
is not known. Here, we present the first evidence regarding the
target molecule in which AGP exhibits a protective function
through the enhancement of CD163 that is responsible for Hb
scavenging. Based on the present findings, we propose the fol-
lowing mechanism for this sequential response: first, AGP acti-
vates TLR4 signaling through an interaction with CD14, which
results in an increase in the production of IL-6 and IL-10; sec-
ond, and these cytokines the up-regulate CD163 expression.
This was supported by the in vivo experiments showing that
AGP induces CD163 and HO-1 in the liver and consequently
inhibits oxidative stress in plasma during hemolysis.

Hemolysis is responsible for the occurrence of a number of
diseases (e.g. atherosclerosis, hemoglobinemia, hemoglobin-
uria, etc.). The liberated Hb is known to generate reactive oxy-
gen species (4), activate endothelial cell pro-inflammatory
sequelae (2), and oxidize low density lipoproteins (3). There-
fore, the removal of liberated Hb represents a useful strategy for
therapeutic intervention in both systemic hemolysis and dis-
eases that are related to local hemolysis. So far, it has been
established that Hp provides the first defense line against extra-
cellular Hb by forming an Hb-Hp complex (5) and that CD163
plays a crucial role as a scavenger receptor for Hb-Hp com-
plexes. However, the functional roles of other acute phase pro-
teins in hemolysis are not known with certainty. In addition to
the contribution of Hp, we propose a further defense system for
hemolysis in which AGP also plays a key role in the exclusion of
liberated Hb through enhancing CD163 expression. Thus, it is
interesting to note that AGP and Hp, both of which are acute
phase proteins, appear to act in a concerted manner to protect
against Hb-derived tissue injury during hemolysis.

One of the interesting observations in this study is that AGP
is an endogenous ligand for TLR4. No reports have appeared to
date regarding the relationship between AGP and TLR4. In
addition, few substances, such as palmitate, heparin sulfate, and
serum amyloid A3 (28 —30), have been identified as endogenous
ligands for TLR4. Based on the findings of this study, it appears
that AGP is a new member of this group. In this study, AGP
caused TLR4 activation via the interaction with CD14. CD14
acts as a multifunctional molecule (31), such as promoting
innate immunity to Gram-negative bacteria by transferring LPS
to the signaling receptor complex MD-2-TLR4. It is well known
that CD14 is either expressed on the surface of myelomonocytic
cells (membrane CD14, mCD14) or is present in the circulation
in the form of a soluble molecule (sCD14) (32). Because it has
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been reported that AGP binds to sCD14 (27), we expected that
AGP would also bind to mCD14, and subsequently activate
TLR4 signaling. In fact, pretreatment with an anti-CD14-neu-
tralizing antibody resulted in the dramatic inhibition of AGP-
induced IL-6 and IL-10 production, which resulted in a
decrease in CD163 expression (Fig. 3). These data support our
conclusion that AGP causes TLR4 signaling via the interaction
with CD14.

We also found that NF-«B, p38, and JNK inflammatory path-
ways contribute to the up-regulation of IL-10 and IL-6 by AGP.
However, we did not examine the issue of whether AGP directly
up-regulates CD163 via these inflammatory signaling path-
ways. Therefore, it will be necessary to ascertain the regulation
of CD163 by AGP under conditions where these inflammatory
pathways are blocked, for instance, in the presence of inhibitors
for NF-kB, p38, and JNK. It is known that NF-«B, p38, and JNK
are involved in the downstream signaling pathway of oxidative
stress. Because AGP attenuated oxidative stress in hemolytic
model mice (Fig. 2), it would be expected that AGP treatment
would inhibit those inflammatory signaling pathways. How-
ever, NF-kB, p38, and JNK were activated by AGP in THP-1
cells (Fig. 5). Such an inconsistency between in vivo and in vitro
data may be explained as follows: NF-«B, p38, and JNK were
activated by AGP before the induction of CD163. However, due
to the decreased oxidative stress after CD163 induction, the
activation of those inflammatory signaling pathways would
be suppressed. This point would be a future investigation.

Another important finding is that only AGP up-regulates
CD163 expression among acute phase proteins, including CRP,
AAT, and Hp (Fig. 1). Despite the fact that little is known con-
cerning the precise mechanism of how CD14 recognizes its
ligand, such as microbial ligands, CD14 prefer a polyanion as a
ligand (33-35). Thus, electrostatic interactions between CD14
and its ligand could play a crucial role in the substrate recogni-
tion process. AGP is the most negatively charged plasma pro-
tein (pI = 2.7-3.2), due to the presence of a number of sialic
acids at the terminal of glycan chains (12% of the carbohydrate
moieties) (20, 36). The pI values of CRP, AAT, and Hp are
7.9-9.0,5.37, and 6.32, respectively, due to the lower sialic acid
content (37, 38). Such differences in negative potential between
AGP and other acute phase proteins could contribute to the
affinity to CD14 and hence the activation of TLR4 and enhance-
ment of CD163 expression. Thus, it is plausible that the unique
function of AGP in the up-regulation of CD163 expression
among acute phase proteins may depend on its highly sialylated
carbohydrate chains.

Inflammation is a highly controlled process that is coordi-
nated by maintaining a balance between pro- and anti-inflam-
matory activities (39). Insulted tissues generate not only pro-
inflammatory cytokines but also anti-inflammatory molecules
to permit local and systemic inflammation to be alleviated (40).
AGP induces monocytes to express pro- and anti-inflammatory
cytokines such as TNF-q, IL-6, IL-12, and IL-1 receptor antag-
onists (27, 41). Therefore, counteracting mechanisms are
simultaneously induced by AGP to maintain the homeostasis
between pro- and anti-inflammatory activities (42). The find-
ings of this study indicate that AGP increases IL-6, IL-10, and
CD163 from normal serum concentrations in a dose-depen-
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dent manner, and their levels reach a plateau at the acute phase
concentration of AGP (Figs. 1C and 6, E and F). These observa-
tions indicate that AGP controls intravascular homeostasis,
due not only via the induction of CD163 against small scale
hemolysis at a steady state, but it also further enhances CD163
under severe hemolysis. AGP stimulated NF-«B, JNK, and p38
pathways (Fig. 5A4). However, the degree of its stimulation was
small as compared with LPS. In addition, the stimulating effect
of AGP on IL-10 expression was comparable with LPS,
although the effect of AGP on TNF-« and IL-6 expression was
noticeably lower than that of LPS (Fig. 6). This divergent regu-
lation between AGP and LPS on NF-«B, JNK, and p38 pathways
followed by TNF-«, IL-6, and IL-10 induction was supposed to
have a different outcome on CD163 expression. A low level of
TNF-a production could protect mice against a subsequent
lethal challenge of TNF-« (43), and it is also possible that the
cytoprotective effect of AGP is mediated through the low level
secretion of TNF-« or some other cytokines. Of course, a high
concentration of LPS becomes toxic by overstimulating TLR4
signaling, leading to an excessive inflammatory response that
results in adverse reactions such as septic shock. However, the
recognition of commensal bacteria by TLR4 and TLR2 under
normal steady-state conditions plays an important beneficial
role in the control of intestinal epithelial homeostasis by induc-
ing the production of cytoprotective heat shock proteins (e.g.
HSP25 and -72) (44). Similarly, AGP may prevent Hb-induced
oxidative stress by up-regulation of CD163 without causing an
excessive inflammatory response.

It has been reported that the expression of CD163 is regu-
lated by a variety of factors. For example, a genomic analysis of
the CD163 promoter region revealed the presence of several
binding sites for transcription factors in the 5’-flanking region
(45), including three putative glucocorticoid receptor binding
sites. In fact, monocytes that had been treated with glucocorti-
coids or derived from patients on glucocorticoid pulse therapy
showed a strongly induced CD163 expression (12, 15, 46, 47).
Taking the collective findings into consideration, with the evi-
dence that glucocorticoid also up-regulates AGP synthesis (20),
glucocorticoids might not only regulate CD163 expression
directly but also indirectly via enhancing AGP production.
Because glucocorticoid pulse therapy is widely used in the
treatment of hemolysis, glucocorticoid-induced AGP may also
contribute its clinical effects via the further enhancement of
CD163 expression.

Here, we found that AGP caused a significant decrease in
hemoglobin levels in comparison with the saline group in
hemolytic model mice. Under such circumstances, AGP
administration enhanced the increase in CD163 and HO-1 in
the liver of hemolysis-induced mice (Fig. 2, C and D). These
data indicate that AGP enhances the clearance of Hb from the
circulating blood through the up-regulation of CD163. This
was supported by the fact that administration of anti-CD163
antibody tended to suppress the AGP-induced enhancement of
Hb clearance (supplemental Table 3). At the same time, we also
found that AGP administration decreased hematocrit as a con-
sequence of the reduction in red blood cell count in hemolytic
model mice as compared with the saline group. Although the
mechanism of this reduction in red blood cell count is unclear
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from the present limited data, the possibility that AGP induces
further enhancement of hemolysis cannot be excluded. Further
investigations will be needed to clarify this issue.

In addition, there is direct evidence that demonstrates the
essential role of CD163 for the AGP-induced attenuation of
oxidative stress using anti-CD163 antibody (Fig. 2G). In addi-
tion, to confirm the involvement of TLR4 in enhancement of
CD163 expression and AGP-induced attenuation of oxidative
stress using C3H/HeN or C3H/He], we found that AGP
decreased plasma oxidative stress through the up-regulation of
CD163 via the activation of TLR4. However, the administration
of AGP to C3H/He] mice with phenylhydrazine-induced
hemolysis tended to increase oxidative stress (Fig. 5F). At the
same time, plasma hemoglobin levels were decreased by AGP
administration in hemolysin-induced C3H/HeN mice com-
pared with the saline group (8.68 = 0.14 g/dl for the AGP group
and 9.10 £ 0.19 g/dl for the saline group), similar to the ddY
mice, whereas hemoglobin levels in plasma were increased by
AGP administration in hemolysin-induced C3H/He] mice
compared with the saline group (9.92 =+ 0.10 g/dl for the AGP
group and 9.64 = 0.02 g/dl for the saline group; supplemental
Table 4). A previous study demonstrated that AGP acts as an
important component of the capillary barrier. For instance,
Schnitzer and Pinney (48)demonstrated that AGP binds to cul-
tured microvascular endothelium, which increased the nega-
tive charge of glycocalyx on the endothelial surface, which reg-
ulates vascular permeability. Moreover, Haraldsson and Rippe
(49) reported that AGP suppressed the renal filtration of albu-
min via interaction with the glomerulus. The same group also
reported that AGP is one of the major components of the glo-
merular endothelial cell coat, which is essential for glomerular
filtration (50). Taking these observations into consideration,
the renal excretion of Hb might also be decreased in AGP-
administered C3H/He] mice. Therefore, the decrease in Hb
clearance by the inhibition of both renal excretion and CD163
scavenging in C3H/He] mice with AGP treatment might cause
a further accumulation of Hb in the general circulation, which
leads to an enhancement in oxidative stress in the plasma.

In conclusion, we demonstrate here, for the first time, that
AGP enhances the uptake of Hb through the up-regulation of
CD163, and it may exert a protective role against hemolysis-
derived oxidative stress. Because dedicated Hb scavenging and
detoxification systems could serve as a method for therapeutic
intervention in hemolysis, the biological implications of AGP-
induced CD163 may not be limited to hemolysis but could con-
tribute to several diseases related to local hemolysis such as
atherosclerosis. Therefore, AGP or its inducible agents have
potential for use as a therapy against those diseases.
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